and ganglion cells at this stage had most likely switched off Phox2b or Sox10, respectively, because all nerve-associated cells equally expressed both genes a day earlier (and see below). The observed sequence of events suggests that the SOX10 + cells, which then become SOX10 + /PHOX2b + doublepositive, migrate along the nerve and reach in that way the site of ganglion formation, although a directed proliferation could also play a role. Accordingly, in Neurog2 KO, where Jacobson's nerve is absent (Fig. 1) , the stream of cells was absent ( fig. S1 ). This scenario is not unique to the otic ganglion, because a similar sequence was evident for the sphenopalatine and cardiac ganglia ( fig. S7 ).
Schwann cell precursors, which later give rise to myelinating and nonmyelinating Schwann cells, occupy embryonic nerves from E11 (18) . We therefore explored whether the nerve-associated SOX10 + /PHOX2b + cells might be Schwann cell precursors. Like Schwann cell precursors and like otic ganglion cells ( fig. S8 ), PHOX2b + Jacobson's nerveassociated cells were derived from the neural crest, as evidenced by Wnt1::Cre lineage tracing (Fig. 3) . They expressed markers of neural crest (FOXD3, SOX2, and p75) and Schwann cell precursors (ErbB3, Cadherin19, and the myelin protein PLP) (Fig. 3) . In contrast, none of them detectably expressed neuronal markers, such as NeuN and TUBB3, or the proneural factors Neurog2 or Ascl1 ( fig. S9 ). Ascl1 (but not Neurog2) was up-regulated in ganglion cells (fig. S9) in keeping with its later roles in parasympathetic ganglia (19) . Thus, cranial nerve-associated parasympathetic precursors have all the hallmarks of Schwann cell precursors.
Because cranial nerve-associated cells have features of both autonomic and Schwann cell precursors, we tested whether they actually produced Schwann cells. In Phox2b::Cre; ROSA tdTomato embryos (13), as early as E13.5, Jacobson's nerve was coated with SOX10 + /PHOX2b
-cells that expressed tdTomato (Fig. 4A ), confirming that PHOX2b + nerve-associated cells subsequently switch it off. At E16.5, several cranial nerves contained numerous tdTomato + cells intermingled with the fibers (Fig. 4B and fig. S10 ), most of them PHOX2b -tdTomato + cells expressed the Schwann cell markers Oct6 at E16.5 and S100 at P7 (Fig. 4 , C and D) (18) , signs of their differentiation into Schwann cells. Thus, cranial Schwann cells derive in part from a contingent of nerveassociated cells with a history of Phox2b expression. Such cells, albeit sparser, were also associated with limb nerves (Fig. 4E and fig. S11 ), and, from E13.5 on, we found (in 9 out of 10 limbs) a small ganglion made of PHOX2b + neurons on the median nerve of the forelimb (Fig. 4, E and F) , showing that the dual Schwann cell and neuron fate, although mostly associated with cranial nerves, is not unique to them. The persistence in the adult and physiological meaning, if any, of this new ganglion and the nature of its preganglionic innervationknown to control the survival of parasympathetic neurons (22)-remain to be determined.
Thus, parasympathetic ganglion neurons are derivatives of multifated Schwann cell precursors, known to give rise in vivo to melanocytes (23) and endoneurial fibroblasts (24) in addition to Schwann cells. The neuronal potential of these precursors, reported in vitro or after back transplantation for sciatic nerve-derived cells (25, 26) , is achieved during the normal development of cranial nerves. Accordingly, the numerous locations of parasympathetic ganglia throughout the head and trunk are specified by the pattern of cranial nerve outgrowths, a parsimonious way of hooking up pre-and postganglionic partners in development and, conceivably, of synchronizing their appearance in evolution. 1 The postnatal coronary vessels have been viewed as developing through expansion of vessels formed during the fetal period. Using genetic lineage tracing, we found that a substantial portion of postnatal coronary vessels arise de novo in the neonatal mouse heart, rather than expanding from preexisting embryonic vasculature. Our data show that lineage conversion of neonatal endocardial cells during trabecular compaction generates a distinct compartment of the coronary circulation located within the inner half of the ventricular wall. This lineage conversion occurs within a brief period after birth and provides an efficient means of rapidly augmenting the coronary vasculature. This mechanism of postnatal coronary vascular growth provides avenues for understanding and stimulating cardiovascular regeneration following injury and disease.
C oronary artery disease causes myocardial infarction, the leading cause of death worldwide. How coronary arteries develop is a fundamental biological question with important ramifications for human health and disease (1) . Defining the developmental programs that give rise to the coronary arteries will provide critical information for regenerative approaches to congenital and adult heart disease (2-4). Most previous studies of coronary developmental origins have focused on the midgestation stage, when coronary vessels initially form over the heart (5-11). Postnatal coronary vessels were presumed to arise from these embryonic coronary vessels, but few studies have examined postnatal coronary artery growth, and this assumption has not been rigorously tested.
Embryonic coronary vessels initially form as a vascular plexus that covers the outer surface of the heart (6, 11). The underlying heart muscle is composed of compact myocardium, the free walls of the ventricular chambers, and trabecular myocardium, the fingerlike projections into the chambers (12) . Compact myocardium develops intramyocardial coronary vessels, whereas trabecular myocardium largely lacks intramyocardial vessels and exchanges nutrients with the surrounding blood within the ventricular chambers. During rapid postnatal ventricular growth, the trabecular myocardium undergoes "compaction" and coalesces with compact myocardium (12) . This new layer of compact myocardium becomes richly supplied with coronary vessels. The developmental program for postnatal vascularization of this newly compacted myocardium was previously unknown.
Here, we used tamoxifen-inducible Cre recombinase controlled by the apelin promoter (AplnCreER) to permanently label embryonic vascular endothelial cells (VECs) of coronary vessels (11) . A single tamoxifen injection at mouse embryonic day 10.5 (E10.5) induced recombination of Cre reporter alleles, which indelibly labeled early coronary sprouts and their progeny (11) . This treatment allowed us to almost completely label coronary vessels in the embryonic ventricle wall at E15.5 ( Fig. 1) . We designated this coronary vascular population (CVP) labeled by Apln-CreER activation at E10.5 as the first CVP. We followed the first CVP's fate in postnatal days 0 to 7 (P0 to P7) neonatal hearts and found that labeled coronary vessels were confined to the outer half of the myocardial wall at P3 and P7 (Fig. 1) . In neonatal hearts, progressive myocardial compaction was accompanied by accumulation of unlabeled coronary vessels in the inner half of the myocardial wall at P3 and P7 (Fig. 1) . These unlabeled platelet endothelial cell adhesion moleculepositive (PECAM + ) cells were bona fide coronary vessels because they were positive for the coronary VEC markers APLN (6) and fatty acid binding protein 4 (FABP4) (13) (fig. S1 to S3 ). These data demonstrate that the newly formed coronary vessels in the inner myocardial wall of neonatal heart are not derivatives of the first CVP, which indicates that they form de novo from an alternative source.
To get a holistic view of coronary vascular development of the entire heart, we fate-mapped coronary VECs by Apln-CreER labeling at different times during heart development. Coronary vessels emerged in three temporal waves ( fig.  S4 ). By E10.5, the first CVP had emerged in the first wave and had formed the coronary vessels of the fetal ventricular free wall ( fig. S5, A and B) and postnatal outer myocardial wall ( fig. S4C ). However, very few VECs of the ventricular septum were labeled by E10.5 tamoxifen induction (figs. S4B and S5B). Tamoxifen administration at E13.5 identified a second wave of coronary vessel development that formed most of the robust vascular supply of the interventricular septum during septal myocardial compaction (figs. S4D and S5C) (12) . Labeling of these cells by tamoxifen at E13.5, but not E10.5, therefore indicates de novo formation of these septal vessels from a source other than the first CVP. The third wave occurred in the neonatal period, and similarly to the second wave, its emergence also accompanied trabecular compaction ( fig. S4G ). This neonatal wave of de novo vessel formation occurred in the inner myocardial wall and remained spatially segregated from the coronary vessels formed by the first and second wave ( fig. S4H) .
We next sought to define the developmental origin for the de novo formed vessels that did not originate from the first CVP. We generated inducible Nfatc1-CreER;Rosa26 RFP/+ mice ( fig.  S6, A and B) , in which Nfatc1 regulatory elements direct selective expression of CreER to the endocardium (14) . Staining of estrogen receptor (ESR) showed expression of CreER in atrial and ventricular endocardial cells in early developing heart ( Fig. 2A and fig. S6, C and D) . We administered tamoxifen at E8.0 to E8.5 to label E8.5 to E9.5 endocardial cells before the formation of coronary vessels (Fig. 2B) and analyzed embryos at multiple subsequent time points. Sinus venosus endocardium did not express CreER and was not labeled (see SV in Fig. 2A and fig. S7A ). Nfatc1-CreER specifically labeled endocardial cells but not coronary VECs in the myocardial free wall (fig. S7, B and C) . This result of inducible genetic labeling driven by Nfatc1-CreER differed from that of a previous report using constitutively active Nfatc1-Cre (see supplementary text). At P0, Nfatc1-CreER labeled 72.2% of neonatal ventricular endocardial cells and did not significantly label free wall VECs ( fig.  S7, D and E) . In P7 hearts, 76.7 T 5.4% of VECs in the inner myocardial wall expressed the red fluorescent protein (RFP) lineage tracer (Fig.  2C) . A subset of nonlabeled VECs in the inner myocardial wall may arise from embryonic vessels or epicardium. In contrast to the inner myocardial wall, fewer VECs of the outer myocardial wall were labeled by Nfatc1-CreER (Fig. 2C) . Together, these data indicate that inner myocardial wall VECs arise by lineage conversion of neonatal endocardial cells during trabecular compaction.
We also investigated the contribution of endocardial cells labeled by Nfatc1-CreER (pulse activated by tamoxifen at E8.0 to E8.5) to VECs of the interventricular septum. In both embryonic and neonatal hearts, Nfatc1-CreER labeled the majority of coronary VECs within the interventricular septum ( fig. S6E ). These data indicate that the interventricular septum, like the inner myocardial wall, is vascularized by lineage conversion of endocardial cells to coronary VECs.
The inverse and nearly exclusive relation between the Apln-CreER and Nfatc1-CreER fate maps was striking ( fig. S8A ). This result indicates that the postnatal coronary vasculature originates from two distinct CVPs that arise through different developmental mechanisms and remain spatially segregated in their location. The first CVP, labeled by Apln-CreER induced with tamoxifen at E10.5, derives from sub-epicardial precursors that generate the initial coronary vascular plexus of the fetal hearts (6, 11) and ultimately gives rise to the VECs of the outer myocardial wall of the neonatal hearts (Fig. 1) . Nfatc1-CreER labels ventricular endocardial cells, which give rise to a second CVP that ultimately irrigates the interventricular septum and VECs of the inner myocardial wall of the neonatal hearts ( fig. S6E and Fig. 2C ).
We next measured the relative vascular territory occupied by first and second CVPs in adult heart ventricle. Because labeling efficiency was higher when we used Apln-CreER rather than Nfatc1-CreER, we quantified with Apln-CreER labeling the relative myocardial volume irrigated by first CVP (RFP-labeled) and second CVP (unlabeled) (fig. S8, B and C) . We examined serial sections spanning the entire heart at P0, P3, P7, P28, and P63 (Fig. 3A and figs. S8 and S9 ). At P0, the first CVP existed in 42% of the ventricular myocardium, whereas the second CVP was confined to the ventricular septum and supplied 24% of the ventricle myocardium (Fig. 3B) . Trabeculae, lacking intramyocardial vessels, were still present along the luminal surface of the ventricles and accounted for the remaining 34% of the ventricular myocardium (Fig. 3B) . By P7, trabecular myocardium transformed into compact myocardium, which was populated by the second CVP (Fig. 3B) . In the P28 and P63 adult heart, a strong boundary was maintained at the interface of the first and second CVPs throughout the entire heart (Fig. 3A  and figs. S9 and S8E ). These data indicate that the vascular territory supplied by these developmentally distinct CVPs remains spatially segregated in the adult heart and that expansion of the second CVP accounts disproportionately for postnatal coronary vascular expansion ( fig. S10) .
To begin to understand how neonatal endocardial cells transform from a single sheet lining the heart lumen into many tube-shaped blood vessels, we observed their association with the basement membrane of trabecular myocardium during myocardial compaction. COL3A1, an extracellular matrix protein, is part of the trabecular basement membrane located just beneath the endocardial layer at P0. During subsequent myocardial compaction, COL3A1 was not degraded and left a historical mark of the remodeled trabecular protrusions (fig. S11A ). Endocardial cells in the trabecular protrusions resided on the SCIENCE sciencemag.org sciencemag.org SCIENCE Fig. 1 . Derivatives of embryonic coronary vessels do not expand into the inner myocardial wall of the neonatal heart. (A and B) Embryonic coronary vessels were RFP-labeled by tamoxifen treatment of Apln-CreER;Rosa26 RFP/+ embryos at E10.5. In the neonatal heart, these VECs, derived from embryonic coronary vessels, occupied the outer portion of the compact myocardium, defined as the outer myocardial wall (OMW). The remaining, RFP-negative portion of the compact myocardium was defined as the inner myocardial wall (IMW). White dotted lines highlight the inner border of left ventricular myocardium occupied by embryonically labeled vessels. From P0 to P7, trabecular myocardium (Trab.) transformed into compact myocardium where new coronary vessels arise. White scale bar, 200 mm; yellow scale bar, 50 mm. LV, left ventricle. basement membrane at P0 (fig. S11, B and C) . However, at P7, endocardial cells and their derivatives (labeled by Tie2-Cre or VE Cad-CreER) were no longer aligned with COL3A1 strands but rather took up intramyocardial positions (P7 in fig. S11 , B and C). To better visualize the process by which P0 endocardium transforms into intramyocardial VECs at P7, we studied an intermediary stage (P3) when hearts contain both unremodeled trabeculae (Fig. 4B ) and actively compacting regions (Fig. 4C) . We labeled developmental intermediates by treating Apln-CreER; Rosa26 mTmG/+ mice with tamoxifen at P1.5 (Fig.  4A) . Trapped endothelial cells remote from the basement membrane adopted the morphology of individual capillary-like cells and were marked by the VEC genetic lineage tracer (green fluorescent protein, see GFP in Fig. 4C ), whereas endothelial cells facing the ventricular lumen and residing on the basement membrane retained sheetlike morphology and did not express VEC lineage tracer, consistent with endocardial identity (Fig. 4B ). These observations suggest that myocardial compaction traps sheets of endocardial cells, which convert to the VEC lineage and translocate to an intramyocardial location.
We investigated conditions that might promote endocardium to VEC transition in the neonatal heart. Hypoxyprobe, a hypoxia-sensitive chemical probe, indicated that rapid expansion of the compact myocardium by trabecular coalescence in the first several postnatal days of life creates a hypoxic environment within the inner myocardial wall (fig. S12 ). Expression of hypoxia inducible factor 1a (Hif1a) and vascular endothelial growth factor A Vegfa, genes known to be up-regulated by hypoxia, increased in the inner myocardial wall of the P1 and P3 neonatal hearts ( fig. S12, B and C) . This corresponds to the region in which we observed endocardial to VEC lineage conversion, suggesting that hypoxia and its resulting up-regulation of the key angiogenic factor Vegfa contribute to this process.
Our work reveals a mechanism by which trabecular coalescence and endocardial-to-VEC lineage conversion drive vascular expansion in the postnatal heart. Why does coronary vascular growth in this setting rely on this alternative mechanism, rather than occurring through more typical angiogenic sprouting from preexisting vessels? The transition from fetal to postnatal circulation acutely increases the hemodynamic burden on the left ventricle. To accommodate this increased workload, we reason that mammals developed trabecular myocardium as a reservoir of new cardiomyocytes that is quickly recruited after birth through myocardial compaction to increase neonatal left ventricular mass. In addition to cardiomyocytes, this myocardial reservoir also contains coronary vessel precursors in the form of endocardial cells. Trabeculae coalesce during neonatal myocardial compaction causes regional hypoxia that stimulates the trapped neonatal endocardial cells to form the vascular supply for the newly compacted myocardium. This mechanism likely allows more rapid vascular and myocardial growth than angiogenic sprouting of the first CVP from the periphery.
Understanding this endogenous mechanism for rapidly developing a functional vascular supply has important implications for cardiac diseases and cardiac regenerative medicine (4) .
